Two important pathogens of developing countries, Mycobacteium leprae, the etiologic agent of leprosy, and Leishmania donovani, the protozoal parasite that causes kalaazar, persist in the human host primarily in mononuclear phagocytes. The mechanims by which they survive in these otherwise highly cytocidal cells are presently unknown. Since the best understood cytocidal mechanism of these cells is the oxygen-dependent system that provides lethal oxidants including the superoxide anion (O-), hydrogen peroxide (H2O2 
cell-wall-associated glycolipids produced in large amounts by the organisms. In this study, phenolic glycolipid I derivatives and lipophosphoglycan were examined for their ability to scavenge potentially cytocidal oxygen metabolites in vitro. Electron spin resonance and spin-trapping indicate that phenolic glycolipid I derivatives and lipophosphoglycan are highly effective in scavenging hydroxyl radicals and superoxide anions. The results suggest that complex glycolipids and carbohydrates of intracellular pathogens that can scavenge oxygen radicals may contribute to their pathogenicity and virulence.
One of the characteristic features of mycobacteria is the presence of a lipid-rich cell wall dominated by a wide variety of species-and type-specific glycolipids (1) . A major antigen of Mycobacterium leprae, phenolic glycolipid I (PGL-I), has a trisaccharide moiety that has not been found in any other species of Mycobacterium thus far examined (2) . Chemical studies have shown that (i) PGL-I accounts for 2% (dry weight) of the organisms isolated from infected armadillo liver and is secreted in large quantities in infected tissue; (ii) PGL-I is an oligoglycosylphenolic phthiocerol diester, with its M. leprae-specific trisaccharide moiety glycosidically linked to a phenyl group that in turn is attached to the branched glycolic chain, phthiocerol; two hydroxyl functions of the phthiocerol are esterified by methyl-branched fatty acids, mycocerosates (2) (Fig. 1) ; (iii) the presence of 3,6-di-O-methylglucose and the combination of 2,3-di-O-methylrhamnose and 3-O-methylrhamnose in a single oligosaccharide had not been found in nature (3) ; and (iv) PGL-I is a major component of the ultrastructurally observed electrontransparent zone surrounding the bacillus in infected cells and tissue (3) , which has long been thought to protect the organism against attack within macrophages. That PGL-I may have some biological significance in the survival of M. leprae within the host was suggested by our finding (4) that, in the immunologically unresponsive lepromatous form of leprosy, some suppressor T cells are found to be activated by the terminal glycosyl groups of PGL-I.
The structure of an unusual acidic glycoconjugate found on the surface of and secreted by Leishmania donovani has been delineated (5, 6) . This lipophosphoglycan (LPG) (Fig. 1 ) is a complex glycolipid that consists of a repeating phosphorylated disaccharide unit, Gal6P(31-*4)Man, attached to a unique lipid anchor, lysoalkyl-phosphatidylinositol, through a heptasaccharide core. Its lipid moiety is similar to the carbohydrate-containing phosphatidylinositol anchor that has been reported for eukaryotic membrane proteins (7) . LPG is produced in large amounts: 1.25 x 106 molecules per cell, accounting for at least 25% of the total cell surface (6). Since oxidative cytocidal mechanisms are known to be important for killing of intracellular pathogens (23) (24) (25) , in this study, we examined the possibility that PGL-I and LPG function in the pathogenicity of M. leprae and L. donovani, respectively, by scavenging cytocidal oxygen metabolites.
MATERIALS AND METHODS
Glycolipids. PGL-I ofM. leprae and LPG ofL. donovani and their derivatives were prepared as described (2, 5, 6, (8) (9) (10) .
Reagents. Xanthine, xanthine oxidase, dimethyl sulfoxide (DMSO), cytochrome c, superoxide dismutase, and catalase were purchased from Sigma. The spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and the spin label 4-amino-2,2,6,6,-tetramethylpiperidinyloxy (4-amino-TEMPO) were purchased from Aldrich. DMPO was dissolved in distilled-deionized water (final concentration, 1 M), purified, and stored as described (11) . Iron-free phosphate-buffered saline (pH 7.8, PBS), glassware, and pipette tips were prepared as described (11) .
Generation of Oxygen Radicals. 0°and OHS were generated by the Haber-Weiss reaction and the iron-catalyzed Haber-Weiss-Fenton reaction, respectively (12 ttTo whom reprint requests should be addressed. ESR spectra were recorded with a Varian E-9 ESR spectrometer at room temperature 2 and 10 min after initiation ofthe reaction by the addition of xanthine oxidase. When measuring OH', the 10-min spectra were compared. When measuring°2, we used the 2-min spectra, because the DMPO/OOH' adduct is unstable and changes rapidly with time to become predominantly a DMPO/OH' signal by 5 min (11) . Preliminary experiments had shown that the peak height of the ESR spectrum was proportional to the area under the curve (r = 0.998). Since the latter reflects the amount of radicals present, all signal intensities were estimated from peak-to-peak amplitudes. In all experiments, the height ofthe first peak was chosen for comparisons. The instrumental parameters were as follows: field set, 3430 G; scan range, 200 G; modulation frequency, 100 kHz; modulation amplitude, 1 G; receiver gain, 3.2 103 and 104 for measuring OH' and°2 , respectively; time constant, 1 s; microwave frequency, 9.557 GHz; microwave power, 20 mW; scan time, 16 min.
Spectrophotometric Measurement of O2 . O-generated by the xanthine-xanthine oxidase system was measured by the superoxide dismutase-inhibitable cytochrome c reduction assay by our modification of the method of McCord and Fridovich (14) . At 35 s after initiation of the reaction at room temperature by the addition of xanthine oxidase, A550 was recorded every second for 20 min by using a double-beam spectrophotometer.
Uric Acid Measurements. Uric acid production from xanthine was measured by the Sigma diagnostic kit. This method is based on the oxidation of uric acid to allantoin by uricase. Because uric acid, but not allantoin, has a high absorbance at 292 nm, the decrease in absorbance is proportional to the uric acid concentration.
Killing ofL. donovani by Hydroxyl Radical. L. donovani was cultured in supplemented Dulbecco's modified Eagle's medium (DME) and passaged as described (15) . Organisms were washed with and resuspended in Krebs-Ringer phosphate glucose solution (pH 7.4) at a concentration of2 x 107 cells per ml. This suspension (100 Al) was incubated with the OHgenerating system containing 0.08 mM xanthine, 2.4 x 10-2 unit/ml xanthine oxidase, and 30 mM Fe2+ for 90 min at 250C. Organisms were then washed, resuspended in DME medium, and incubated overnight at 250C. They were then pulse-labeled with 3 iCi of [3Hluracil (40 Ci/mmol; 1 Ci = 37 GBq) for 4 hr, and trichloroacetic acid-precipitated (15) . Viability was determined by [3H]uracil incorporation for RNA synthesis.
RESULTS AND DISCUSSION
ESR spectrum i in Fig. 2A shows the characteristic hyperfine lines of the DMPO/OH' adduct generated by spin-trapping the hydroxyl radical produced by the control Haber-WeissFenton reaction. ESR spectrum ii in Fig. 2A shows the spectrum of the DMPO/CH' adduct generated by the same reaction with DMSO (16) . The ability of a compound to react with OHS is proportional to the attenuation of the DMPO/ CHI signal generated by the control reaction.
The natural PGL-I molecule is insoluble, even in DMSO; consequently, we chose to study DMSO-soluble derivatives. Our control was deacylated natural PGL-I in which the two mycocerosyl chains were removed by alkaline hydrolysis (2) . Although the solubility of the deacylated glycolipid limited the concentrations that could be tested, at 0.02 M it attenuated the OH' signal by 35% (Fig. 1) (4-methoxyphenyl) propionate; G, benzoate. PI, phosphatidylinositol. *, Molar quantity ofthe disaccharide unit tested is equal to that present in the LPG reaction.
possibility that these compounds attenuate by inhibiting xanthine oxidase. Finally, we examined the effect of PGL-I derivatives on 0°production by the xanthine-xanthine oxidase system also by means of ESR spectroscopy. As shown in Fig. 2B, compound A, at 0.1 M, attenuated >90%o of the superoxide-adduct ESR signal (DMPO/OOH). Results of measurement of O2 production by cytochrome c reduction assay confirmed the ability of PGL-I derivatives to scavenge O2 (Fig. 3) . That compound A scavenges 0°does not preclude the possibility that it scavenges OHS as well but indicates that its ability to attenuate the control DMPO/CH3 signal was, at least in part, due to scavenging O°, since the production of the spin adduct DMPO/CHN depends on the presence of OH-, whose formation requires O-. It is well known that even simple sugars are among the biologically relevant targets for attack by O2 (17, 18) . We have preliminary chemical evidence that there is a dose-dependent destruction of up to 90% of the oligosaccharide moiety of PGL-I by the radical-generating system used here, with the generation of unusual degradation products.
To explore whether L. donovani has a similar possible protective mechanism, we tested the ability of LPG, its major glycolipid, to scavenge oxygen radicals. LPG is a highly effective scavenger, attenuating 25% of the control DMPO/ CH3 signal at 0.28 mM (Fig. 1) . The attenuation is dosedependent, reaching 70% at 2.4 mM. The ability of LPG to scavenge oxygen radicals is largely due to the repeating units of Gal6P(I31--4)Man (Fig. 1) .
The ability to cultivate L. donovani in vitro, in contrast to M. leprae, afforded the opportunity to test the role of LPG in protecting the organism against killing by high doses of OH-. As shown in Fig. 4 These data show that the complex glycolipids of two unrelated intracellular pathogens scavenge oxygen radicals efficiently in a cell free system. Holzer et al. (19) and Sibley and Krahenbuhl (26) showed that phagocytes infected with M. leprae failed to generate -. Also Neill and Klebanoff (20) observed that binding M. leprae PGL-I to Staphylococcus aureus by antibodies significantly protected the bacteria from the cytocidal mechanisms of activated human monocytes. We found that viable M. leprae washed to remove most glycolipids became susceptible to killing in vitro when exposed to the xanthine-xanthine oxidase system described here, but not to H202 generated by glucose and glucose oxidase (C. C. Shepard and B.R.B., unpublished observation). These data are consistent with the interpretation that PGL-I provides protection against oxidative cytocidal mechanisms. Goren et al. (21) , in studying a series of attenuated strains of M. tuberculosis, identified only one common structural feature that distinguished them from more virulent strains. That factor was termed "attenuation indicator lipid" and was shown to be a phenolic phthiocerol diester with a structure very similar to the O-methyl ether of the aglycone of PGL-I. The synthesized compound F, in the present studies, contained precisely the same phenolic O-methyl ether and was ineffective in scavenging OH-. It may thus not be fortuitous that the attenuated strains of tubercle bacilli produced a lipid that cannot effectively scavenge oxygen radicals. The data obtained with LPG suggest that these results may perhaps have broader relevance to pathogenic mechanisms of other intracellular organisms. Indeed, Handman et al. (22) have provided genetic evidence that LPG of Leishmania major is likely to be necessary for survival of the pathogen in macrophages. While the wild-type strain was virulent in vivo and resistant to killing by macrophages in vitro, parasites of a mutant strain lacking the homologous glycoconjugate failed to infect hamsters and mice and were readily killed by macrophages in vitro. Although the virulence of any organism is likely to be governed by multiple factors, we suggest that complex carbohydrates and lipids may represent one general class of virulence factors.
